ELEC-E3510 Basics of IC Design

Lecture 3:
Single stage amplifiers



Small-signhal model



Why small signal model:

V. =~10mVv — 40dB ~1V =V,

< > oy
” Only 1% variation in V.

I, = f(Vgs) negligible variation in |,

~10my Vd[ )




Why small signal model:
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MOS Spice model (level 1)
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Small signhal model

Small signal model is a linearised transistor model at the operating point.
Small signal model is used to analyse amplifier gain and noise characteristics Drain

di,
Transconductance: 8m = v (at the quiescent point) r D
GS d
de
||
aiD ng II
Drain-source conductance: 84 = v (at the quiescent point) ” -
DS 9bd
nggS gmbsvbs Qds I:]
. Obs
di Gate I | Bulk
Bulk modulation: 8w = (at the quiescent point) I L
8VBS Cgs [
L
Drain and source diode conductances: c rs D Cos
gb
i ||
_ Olgp . . [l
8ba = P (at the quiescent point) O
VBD
SoJrce

B = (at the quiescent point) O
Vg



Modes of operation

Cut‘Oﬁ: VGS - VT = O iD = O

: C, W %
| = o [(vGS —vT)-ﬂ]vDs(uAvDS)

Linear region O<vy =(Vee = Vi) \LN ?
B=(K)= = (1Cyp) = (amps/volt’)
: C, W
Saturation 0 < (Ve — V) = vy iy = Ho 2(I)_X (Ve = Vo) (14 Avy,)

Pinch-off Vgo(sat.)=v.. -V,



Saturation region

Drain-source conductance:

iD = HOET_XW (VGS - VT )2 (1 + )\VDS ) Y
D
gds =
V. =V + v(\/‘—Zch + V| — ‘—Zch‘) OV
ILA 1
Bis =8, = ~ | A A o =
Transconductance: d 1+ AV ’ L
k’ Bulk modulation:
el UAIVA CHO VA B ( o, )( v, ) oy _ ( -3
GS 0V, oV; I\ oV, oV; 0V .
g, = /K W/L)| (1 + AV, ) = /@K W/L),) v
gmbs = g = ngm

= 5 Co, " 22|+ Veg )"




MOS transistor small signal model

Cep
Go I oD
Cos—=— 9mVes 9ps
9mbVes
5 , —Cpg
S
— Css
o
Ve, = OV: B
Cop
o I 5
9pbs
Vas — Ces C -1 Vbs
ImVas ImbVes -
O

Al \/ W
g = = . [2U,Cqls —
aVGS O~0X'D I_
dly
Bmp = =Ng,
"9V
= ol = b =\ ;V.isthe normalised Early
gDS %1/ D E
IVos L7V voltage relative to L
2 ;L 3-10 pm
“ =3 WL ., = Zox
7 ~0X
Cep =WAL*C, Cox

‘AL = lateral diffusion

Cos =WChs/\Vos +2¢,  0,1-0,2um

Cop = WCISB/ Vg + Zd)p



Outline of single stage amplifiers:

- general analysis with resistive load

- diode loaded amplifier

- current source loaded amplifier

- push-pull CMOS inverter

- source follower

- cascode amplifier (extra material)

- amplifier design trade-offs (extra material)
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Operational amplifier
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Single stage CMOS amplifiers

Amplifier with diode load

-1 VDD
O
bio

o Vout
Ve ][ M2

- VSS

Source follower

iout
L

out

V][

Amplifier with current
source biasing

— VDD
M;

y ID
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M,

vino—”:
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\/biasc*"'

Vcas ° B

VDD
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General single stage transistor amplifier

TVDD First analysed with the resistive load, then Voo
the results are used for single-stage amplifiers
Z. With the same small signal circuit diagram. R,
o Vout
o Vout RS @
. — [ wwos ==C.
S
—|:I— Transistor Vin6 VDC
Vin (™) —C
MOS-transistor
CT T TTT T T T T
: Cop |
'@ I ©®, Total load:
’ | | ° _
: I GL — GL * 8bs
GsVin Gs | Vi —=—=Ces @gmvl 9os ——Cpg G, =G Vout :
| 16 1 ) CL = CL + CDB
1 |
|



Single stage amplifier with resistive load

MOS-transistor

I' _________________ =
| c |
GD |
RS I ©,
¢ O o)
I [ :
GsVin Gs : V, =—Cos @gmvl 9ps —— Cpg, G =/ C Vout
A 4 |
|
o © 3 o
| p— ' \
\_ _ _ _ _ _ _ | GL = GL + gDS
Current equations at nodes G and D C,=C +C,,
G Gsvin = Vl(GS + SCGS) + (V1 _Vout)SCGD ‘
' ' :Vin
D gV, +(v,, —V;)sCs +V, (G +5C)=0
( Vv Vv
G, =—(G, +5(Cq +Cqp)) — £ 5Cyp
Vin Vin
=

(gm - SCGD )\\//_l + (S(CGD + CL )+ GL )% =0

n

Solve gain-transferfunction V_,/V,, by eliminating V,/V,,

Vout — ,.GS(SCGD _gm) -
Vin 52(CGSCGD + CGDCL + CGSCL )+ S|_Gs (CGD + CL )+ GL (CGS + CGD )+ ngGD J+ GSGL

A(s) =



MOS-transistor

I
I
RS H @% ° Total load:
| .
I G =G +8g
GsVin Gs ! Vi =—Cqs @gmvl 9ps ——Cpg G =/ C Vout .L L >

! A 4 | CL =CL +CDB
I @ )
¢ o o
| = |

A, E+1 e

Kols+2) z
S+ S+
( pl)( pz) i+1 i+1
P1 P,
DC - gain: A(s=0)=—g—T=—g—m=>max‘A‘=‘_g_m
GL GL +gDS gDS R f
zero: 4 =g_m
Cep
LA(S) GBW
_ _CGng _GL(CGS + CGD)_GS (CGD + CL) 1 |p|1| ! |p|2|

poles: P, = 0°
v 2(CGSCGD + CGSCL + CGDCL ) \
\/[CGng + GL(CGS + CGD )+ GS (CGD + CL )]2 - 4(CGSCGD + CGSCL + CGDCL )GSGL '900

+
Z(CGSCGD +CosC + CGDCL)
-180° |-

unity-gain bandwidth (GBW):

GBW = [A(s = 0)p, | _En 5 _8

GL CL C_;_

These results are used to characterise
the other single stage amplifiers. e



Approximative solutions for poles

In electronics approximative solutions are useful due to the complexity of circuits.
Three general methods are presented to solve the poles of the amplifier:

1) Assume: Cgp << (g, C

GsVin Gs ——Cqs | V1 @glmvl G —/C Vout
— — GL A 4
poles: P,=— , R = o
CGS CL —
o
2) Miller theorem:
GSVm GS p— Vl @glmvl GL p— CL Vout
p ~ G, po_—G )
| : in= ’ L= 0
POIES CL + CGD Cos1+(1-Ag)Cop e

L

En —
Ces +(1+G)CGD =
3) Separate poles: assume |p,| >> |p,| (i.e. dominant pole approximation)

s° +S(p1 +p2)+p1p2 :>(s+p1)(s+p2)zsz +5P, +P1P;

0, = — (CGng + GL(CGS + CGD )"' Gs (CGD + CL )) 0, = - GSGL
2 M
CGSCGD + CGSCL + CGDCL CGng + GL(CGS + CGD )"' GS(CGD + CL)

8 =8 —5Cqp

glm =8m SCGD



Dominant pole approximation

A(s
AlS) = AOS (A )
1+— Ay
assume: sS>>p, P
A P1 P2
= A(s) = —2 A=1 ' ' >
s/p, GBW\
A(GBW)| =1

= GBW = A p, “gain bandwidth product”

f



Signal linear range

Output linear range depends on output biasing point:

VDD ma><Vout

R

—o Vot
/\/\/ Vin°_||: )VDS,sat

Vss Linear range maximised when
biased half way between supply

Transistor saturation voltage limited: _ D
and transistor saturation limit.

Supply voltage limited:

Vour> Vri-Vos sar Vour> VopVee:

- T
B - RL
VRL
Vpssat = Distortion "7 TTTTTTTS Vpssat = Clipping!
VSS VSS




Diode loaded amplifier

P e e e e B TR

(o]

/ Vout Vout \
| —0 1
| |
| |
:_ngVout ) |::| Om2 :
: : 1
'\ = = . = |] |] =
Vour 0007 Cos2  [Im2 dps2  |Cpg2
) G Cep1
||
C, °_|: || 0
Vin — |::| Vout
CG51 gmlvl gDSl CDBl C|_
o, O
L
Total load: o
| €' =C +Cppy+Cisp+Crp,

G',

C'.

(o]

Vout

G'. = Im2+9ps1+9bs:

O



Results of the resistive loaded case can be used to characterise the diode loaded amplifier:

AO(S+1)
A(s) = .
(S + 1)(5 + 1)
Py P>

_gml _ _gml ~ _gml ~

A, = —2mt =
GL gm2 +gDSl +gDSZ ng
zero:z = 2L
CGD1
Poles (according to Miller theorem):
—_ _GS — _Gs
in = C
CGSl + (1 + gml)CGDl o
gmz
P — — (gmz +8ps1 T gDsz) - —8m2

L - 1
CL + CGSZ + CDBl + CDBZ + C:GDl CL

Assume: p<<p, (in fig. p,=p, and p,=p;,)
gml

GBW = A, ep, =2mL
0 L CL

A(s)
A
40dB |
|p1 GBW  |p,|
0 . . > f
<AA(S) lp1| GBW  |p,
Oo | | | ’f
-90° |
-180° |-




Transfer curve of diode loaded amplifier

out

Ao Vin=Voo

\b
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06V

| \H 0.4V 0.2Vpar

| Ves , 0.6Vss, 0.2Vgs|0.2 Voo VIN
NG 0.2V N N B | >

| I\ F DD 0.8Vgs 0.4V

[ E OVss 0.2Vgs|
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Transfer curve of diode loaded amplifier

Assume: M1 and M2 in saturation:

I1 = 1(Vin _VT)2
, = kZ(VDD Vour = Vo )2
|1 =h

out VT )2

\/E(\/in_VT)=\/E(VDD_Vout_VT)

kl(v' _VT)Z = kZ(VDD -V,

= vout =

\/,kl V. + V. = Thisis a linear relationship
k2
Channel length modulation causes nonlinearity
Il = k1(Vin - VT )2 (1 + )\Vout)
2
l, = kZ(VDD —Vour — VT) (1 + )\(VDD — Vour ))



Current source load

V; = constant = |, = constant

M2 is a current source.

Vout

||
I
O
K

CGD1

Copz |9ps2  |Cpga
Cop1
Vi
| — || o]
p— p— p— Vout
Cest Omi1V1 |9ps1 |Cpg1 [Cy
0}
o]
Total load:
o Vout G| = 8ps1t 8os2

’ —
C' = C + Cppit Cgppt Cppy




Results of the resistive loaded case are used to characterise the current source biased amplifier:

AO(S+1)
Als) = .

(S + 1)(5 + 1)
P, P,

~ 8m1 — ~ 81
G;_ gDSl + gDSZ
8m1

CGDl

A=

0

ero:/ =

Poles (approximation with Miller theorem):

-G

S

CGSl +| 1+ g$ CGDl
Bos1 T 8ps2

in

P = ~ (gDSI + gDSZ)
L .
CL

Assume: p<<p, (infig. p;=p, and p,=p,,)

GBW = Ap, = omL
C:L

A(s)
A
80dB -
AO
40dB |-
|4 GBW  |p,]
0 ' ' > f
<AA(S) |P1] GBW  |p,]
00 | | 1 [ 1:

-90° -\ \
-180°




PUSH-PULL SINGLE STAGE AMPLIFIER

Vbp
M, y

} gut
M, —C

? _

8 = Bt + B
C'GS = CGSl + CGSZ

C:GD CGD1 + CGDZ

1

Bbs = 8ps1 T 8ps2

CDB = CDBl + CDBZ

0
Vout
C
o

L
__CGSZ é |:| 1
9m2V1 |9ps2  [Coga
Cop2
Cep1
v o] W O ]
CGSl gmlvl gDSl CD|31
|| |
CJI
GD
GsVin Gs V1<::
CIGS glmvl gIDS CIDB

Vout
C.




Results of the resistive loaded case are used to characterise the push-pull amplifier:

—A, (1 4 S)
S
Als) = Z el
S S 80dB
1+— |1+ —
pin pL
40dB
DC amplification: A _Bmit8n _ 8
) = =
8ps1 T Bos2 G, 0 > f
: -G
Poles (Millers theorem): P = s

Bm1 T8
CGSl + CGsz + (1 + 12)(CGDl + CGDZ)

Bos1 T Bosy 0° >
D = _(gDSI +gDSZ) _ _(gDSI +gD52) 90° \
L - -
CL CL + CDBl + CDBZ \
Zero: g..+8., B -180° |

Z= ..
CGDl + CGD2 CGDl

Gain bandwidth: Due to double g, the gain and gain-bandwidth are
g . +8 = A ‘p ‘) doubled compared with the current source biased case.
P ] L

GBW = : :
) Here both transistors are active.



Figure 5.1-8 Graphical illustration of the voltage-transfer function for the push—pull inverter.
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VOUTma

vOUTm

VOUTmi

pPMOS out of saturation

nMOS out of saturation

VINm

vdd

v



Push-pull inverter output range Voo

A M. ) Vosaswr

1
Maximum linear output signal range: max{AVOUT}= E(VDD — Visysat _VDSZ,SAT)

1
VDSl,SAT = VGS - VTl = VDD - VTl

; H My ) Vosisar

VDSZ,SAT = VGS - VT2 = _VDD - VT2
2 )
V
1 1 1 S5
maX{AVOUT}= —[ Voo == Voo + Viu == Voo + Vi,
2 2 2
1 Y,
=E(VT1+VT2)zVT1=VT2 ED
How to increase the output range: Vst + Vas; = Vop = Ve |:' M
, Al ™
maX{AVout } = E (VDD - (V631 - Vi )_ (Vesz -V, )) +

1
=7 (VDD - (VGSI + Vs, )+ Vi + Vo, ) -

2 w—4EM1
1
= E(VDD _VDD +VDC + VTl +VT2) |

\Y
1 1 SS
=§(VDC+VT1+VT2)=§VDC+VT V= Vp




SOURCE FOLLOWER

CGDl
Vop
O—_ Om1 (V _Vout) —L_
Rg a i y Ops1 |:| —Cu1
| _‘;‘ 2 Gs CGSl
° Vout © °
. o—l--- Cepa+C
V'n@ Ve L, :Ml C Vi, V1< Jps2 ::GD2 DBZ:: C. > Vout
e — — o o
G Cqs Replace:
_: 1 ‘ °
Vin@ p— |::| p— J— Vout gmlvout Vout — |::| gml Vout
Cop1 Om1Vi| Imi1Vout dosT C'os CL
o

J__ O



Results of the resistive loaded case are used to characterise the source follower (small signal circuit diagram is same):

Gain: A, = <1
gml + gDSl + gDSZ
Zero: 7= Bms
CGSl
— G,
Poles: p,, =———
CGDl + CGSl

Miller capacitor C, has no effect, as

_ _(gml +8ps1 T gosz)
CL + CGSl + CDBZ + Cw

P

Unity gain bandwidth:
8m1

|
L

GBW = A p, =

CGSl

L = Ops1t9ps2+0m1

A 4
A=~1 |p:L| |?| |p'|n| > f
\ P =1z
p =z = GBW

GL CIL:_

||
||
— |Vi 9m1Vi —
G



CASCODE AMPLIFIER

o mm mm mm mm mm mm mm mm mm e e mm mm mm e o e e o e =

o5
w)
<
N
A/—\
Q
3
)
QDJ
N
3
)
<
N
V\/
<
o
=4

Cop1 —gszV

—— o - = —

TS i Y D). ol . L ILlnd

= — — OsVin Gs Cgs Omi1V1 9ps1 Cpgr Cgs2+Cpsz  CppatCepz Cpes Ceps 9oss Cp



Transferfunction:

S
—AO(1+)

S

A(s) = .
14> |1+ > |1+ >
Pin P, P

Gain:
Ao — gml % gmz ~ gml

gDSl + ng gDSS gDS3

Poles:
-G -G
P, = R
CGSl + gilcGD1 CGSl
m2
P2 = ng
CDBl + CDBZ + CGSZ
p, = - 58

C

L

Zero:

gml

GD1

@)

Unity gain bandwidth:

GBW = A,fp, | = Szt

CL



Comparison of single stage amplifiers

cascode

N\ __ push-pull
N\
AN

current source

0 source follower
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Design trade-offs in single stage amplifiers



Gain Ay, =Tt(W,L,I;)

In general A, = B
GL
1) Diode loaded: G =8,

W
Bm = \/ZI"I'COXID T

-8, b, (W/L), (w/L)
AO = == /7 = 1 -
g K, (WL, (w/L), 100

2) Current source load:

GL = 8ps1 T Bos2

AlT=1,} orWw TorlL?
8o = lL ; V'=Early voltage (normalized with L) |, {:=> Transistor enters the weak inversionregion:
LV, ol
assume L, =L, =L B = kT
. A -8BV
. —J2uC, WLV, o=

0 2\/E



Unity gain bandwidth GBW = f(W,L,1,)

GBW = B
C

L

W
gml = \/zuncoxlD(_)
L 1

C[ = CDBl + CDBZ + CL + CGsz

= chlDB + W2C|DB + WzLZCox + CLo

=W,C,, +C,

\/2HI’ICOX|D (\Il_v)
1

W,C,, +C,

= GBW =

GBW 1 :(%) P tail, }

assumel, = min{L}

W 1 (I, = constant)

= VuncoxlD/Ll
wi 2l

max{GBW} = GBW

* GBW




Gain linearity

VDD + VSS



o
_
U
<<

= linear range shrinks!

maintain linear range:

V.. =constant=>| =al, =W =aW assumel =min{L}

D,SAT

anucox. (W)
L 1
GBW =

aW,C,, +C, A

C.V
= max{GBW} = lim GBW = HoxVsar
2> 2L,Cyy

max{GBW} [~ ==

(Vp sar.=cOnNstant)

v




